Abstract-A
ISTRODUCTION
adequate theoretical treatment. IN THE exchange of respiratory gases with the blood in the lungs and in the periphery, the primary chemical reactions of these gases take place within the red cell, not in the plasma. Experimental results have indicated that the rates of the exchange of carbon monoxide, and possibly oxygen and carbon dioxide with red cells limit, at least partially, the rate of the exchange of these gases in the lungs. Therefore, the velocities of the reactions between respiratory gases and intact red cells are of importance physiologically.
Because of the experimental difficulties arising from very rapid reaction, studies on the reactions of hemoglobin with gases are confined to a few researchers and data thus obtained are full of variety. The work of measurement of the reaction velocity constant has not sufficiently far advanced to allow "Receiced I5 July 1970.
A comprehensive review of the work in this field is given by Gibson (1959) . In his review. a section is given on methods followed by an account of the chief reactions of hemoglobin with gases which have been studied thus far. Some inconsistencies and anomalies in the existing observations have been pointed out. According to Gibson (1959) , the methods of measurement of the reaction velocity constant in hemoglobin solution may be classified into two: the flow and flash methods. The flow methods include those using a continuous flow rapid reaction apparatus by Hat-midge and Roughton (1923) a reversion spectroscope by Hartridge and Roughton (1925) a photovoltaic cell and galvanometer by Millikan (1933) and the stopped-flow method by Gibson (1954 composition from hemoglobin photochemically. In spite of the effort of these investigators, the work of measurement is not yet sufficiently far advanced.
The first part of this paper deals with the determination of the reaction velocity constant in whole blood by the dissolving bubble method. The constant thus determined may be used to calculate the radius-time relation, and the rate of solution by diffusion of a gas in whole blood with reduced hemoglobin during extracorporeal oxygenation.
During extracorporeal oxygenation of blood. the process of oxygen exchange by red cell takes place according to the following steps. The oxygen gas being injected into an oxygenator forms bubbles and mixes with the blood re-circulated from a patient. The gas first transfers across the bubble wall and then dissolves into the surrounding plasma. Only a very small fraction of oxygen remains in the dissolved state in the fluid of the plasma. The vast fraction of the dissolved oxygen diffuses through the plasma toward red cells. Upon the meeting with a red cell, the oxygen then diffuses through the cell membrane. Inside the cell the combined processes of diffusion of oxygen and second-order chemical reaction with hemoglobin occurs. An identical process takes place for the re-absorption of gas emboli entrapped in human body.
Unfortunately, little is known about the mass diffusivities (or as it is sometimes called the diffusion coefficient) of gases in the plasma, and the reaction velocity constant between gases and intact red cells. There is an urgent need for experimental measurements. Bird et al. (1962) have summarized the theories of ordinary diffusion in gases at low density and in liquids. The methods for experimental determinations of both gas and liquid diffusivities are also introduced.
In 1929, Mache (1929) has proposed to use the rate of solution of a stationary bubble to estimate the mass diffusivity of air in water. Brandstaetter (1952) has repeated Mache's work and has suggested that the low mass diffusivities obtained by Mache were due to surface contamination. Liebemrann (1957) and Manley ( 1960) have investigated the rate of solution of stationary air bubbles in partially saturated water, and have found that the rate of diffusion at small bubble diameters is lower than that theory predicts. This low diffusion rate was attributed to the presence of a minute impurity that forms a stable film around small bubbles. Houghton et al. (1962) have extended the method to determine the mass diffusivities of air, oxygen, nitrogen, hydrogen, helium. and neon and argon in water. The effects of the liquid phase has been studied by measuring the rate of diffusion of air into sodium chioride solutions, sea water and solutions of surfaceactive agents.
The second part of the present paper deals with the measurement of diffusion coefficient of dissolved gases in plasma.
THEORETICAL BACKGROUND
The radius-time and diffusion rate-time relations of a spherical gas bubble situated in plasma or whole blood have been investigated by Yang (1970) by solving the mass transfer equation in a liquid with chemical reaction. Chemical reaction between the dissolved gas and reduced hemoglobin occurs in whole blood, which is considered to be a homogeneous mixture of plasma and reduced hemoglobin in the analysis. It is confirmed by the study that the effects of convention induced by the motion of the bubble surface on the bubble radius and diffusion rate are generally very small, except during the very short time immediately preceeding the complete solution of the bubble. When the effects of surface tension and viscosity are neglected. Yang (1970) has obtained the expressions for the bubble radius and the mass diffusion rate into the liquid in dimensionless form as
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In equation (1) where R(t) is the bubble radius; t, the time; R,,, the initial bubble radius; D, the diffusion coefficient of the dissolved gas in the liquid; C (r.t) , the concentration of the dissolved gas in the liquid; CS, the concentration at saturated state; r, the distance from the center of the spherical bubble; p, the gas density; C,, the concentration at zero time or at a distance from the bubble; K, k'x (concentration of reduced hemoglobin in whole blood) and k', the reaction velocity constant for the association of O2 and reduced hemoglobin to form oxyhemoglobin.
K or K* is identically zero in plasma in which no chemical reaction takes place. It should be noted that equation (1) satisfies the mass diffusion equation of dissolved gas in whole blood or plasma (for K=O) ac D a .,ac
subject to the appropriate initial and boundary conditions
In order that the (-KC) term may describe the mass consumption of the dissolved gas resulting from a first-order chemical reaction between the dissolved gas and hemoglobin, the concentration of hemoglobin must remain constant during the process of chemical reaction. The situation is observed during the early stage of bubble collapse, or when the gas bubble is in relative motion with respect to whole blood.
By solving equation (1) with K =0 corresponding to the case in which no chemical reaction takes place between the dissolved gas and the liquid. Epstein and Plesset (1950) have obtained the analytical result for the prediction of bubble lifetime, tf, i.e. the time for complete dissolution of a bubble, as wherein t/* = Dt,/RQ' and Q = (C: -CZ/27r)*'". Equation (4) will be employed to determine the gas diffusivity in plasma using the experimental data of t, and R,,. The usefulness of equation (4) for predicting mass diffisivity was borne out in its agreement with the values given in the literature for oxygen and nitrogen in water.
The reaction velocity constant between the dissolved oxygen and the reduced hemoglobin in whole blood will be determined by equation (1). utilizing the mass diffusivity of the dissolved oxygen in plasma as D.
APPARiTUS
Measurements of the rates at which a gas bubble is absorbed by plasma or blood were made through two steps. The first step was to degas the liquid. During this stage, the gas dissolved in plasma is removed and some oxyhemoglobin in whole blood dissociates into reduced hemoglobin and oxygen, which was removed as soon as it is formed. The occurence of dissociation of some oxyhemoglobin is evidenced by a change in the color of the blood from scarlet to purple. The second step involved the injection of a gas bubble into the degassed blood or plasma, followed by the measurements of the bubble size at certain time intervals until the bubble was completely dissolved in the liquid.
The equipment used in the degassing process is shown in Fig. 1 . The test fluid is placed in a 250 ml separatory funnel which has an opening on one end and a stop cock on the opposite end. A rubber stopper is attached to the open end. A thermometer is inserted into the fluid through a hole in the rubber stopper. During the degassing process the funnel attached to a stand is positioned with the stop cock at the top. A 1 m length of # in. diameter tygon tubing leads from the stop cock of the funnel to a 250 ml distilling flask. which traps fluid being carried out of the funnel during the degassing process. A 50 cm length of tubing leads from the top of the distilling flask to a 250 ml Erlenmeyer flask which retains any fluid being transported up the tubing from the distilling flask. A 50 cm length of tubing from the Erlenmeyer flask is connected to a 'I? joint. One branch of the 'T' leads to a mercury manometer. while the other branch is connected to a condensing trap. The condensing trap removes much of the water vapor from the air being drawn from the system. A 2 m length of Q in. diameter tubing leads from the condensing trap to a 3 horsepower Hy-vat vacuum pump. A vacuum of approximately 283 in. of mercury is obtained during the degassing process.
The equipment used in injection and measurement of bubble size is illustrated in Fig. 2 . The liquid in the separatory funnel serves as the medium for the diffusion of the gas bubble. The gas is drawn into a syringe with a size number 20 needle. The needle is inserted through the rubber stopper in the funnel and a small bubble is introduced into the liquid. The bubble is observed through the wall of the funnel placed on the side on a wooden support which allows the illumination of the funnel from be- solution of the gas bubble. The liquid viscosity is measured using the test apparatus depicted in Fig. 3 . Measuring the liquid viscosity provides a means of detecting any change in the physical properties of the liquid during testing. The test liquid placed in a 3.4cm i.d. 14 cm long glass tube is allowed to flow through a capillary tube 16 cm long into a 100 ml boiling flask. The time required for the liquid to fill the spherical EXPERIMENTAL PROCEDURE
The experiment begins with the degassing of the test liquid. Two stands are used, one to hold the separatoty funnel and the other to hold the distilling flask and the Erlenmeyer flask. as illustrated in Fig. 1 . The base of the second stand is placed about 76 cm above that of the first stand. The level of the Erlenmeyer flask is approximately 35 cm above that of the distilling flask. The positioning of the containers at different levels allows much of the liquid transported into the tubing to flow back into its original container. 200 ml of liquid is placed in the separatory funnel and in the distilling flask. The vacuum pump is turned on until the bubbles formed during the pumping process fill the containers and the tubing above the containers. Then, the pump is turned off until the liquid transported by the rapid bubbling in the containers has settled back into the original container. The on-andoff operation of the pump is repeated until the bubbling rate becomes low enough that the transportation of the liquid from the separatory funnel has ceased. The pump is then left running to complete the degassing process. After a bubble has been injected and absorbed during the testing of diffusion rate the pumping is resumed prior to another bubble injection. The second degassing requires about 15 min. For plasma, the pumping times for the first run and subsequent runs are 12 hr and 1 hr, respectively. In case of dog blood, these pumping times are 10 hr and 1 hr, respectively.
It was observed that bubbling processes diminished in approximately 8 hr. Fig. 3 . Apparatus for viscosity measurement. 
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The vacuum pressure is read off the mercury manometer. When the degassing is complete. the vacuum pump is turned off. Liquid in the distilling flask is transferred back to the separatory funnel through the tubing connecting the two containers. The distilling flask is inclined and the liquid is allowed to run down the connecting tube. The pouring is continued until the liquid has filled half the length of the tubing leading to the separatory funnel. Then, the tubing leading from the condensing trap to the vacuum pump is disconnected at the condensing trap. The pressure in the flasks returns to the ambient pressure. The rubber stopper is removed from the distilling flask, which is now moved to the top of the second stand. The separatory funnel is removed from the first stand and placed on the wooden support as shown in Fig. 2. A gas bubble is then injected through the rubber stopper into the degassed liquid in the separatory funnel. The bubble diameter is measured at 10 min intervals. The time. bubble diameter and liquid temperature are recorded. The equipment is returned to the arrangement depicted'in Fig. 1 , after the gas bubble is completely dissolved in the liquid. The level of the liquid in both the separatory funnel and distilling flask are adjusted to contain 200 ml of liquid before next run is started.
Because of rapid bubble shrinkage due to chemical reaction between the dissolved gas and reduced hemoglobin immediately following the injection of a bubble, the initial phase of bubble-size history was recorded using a movie camera. When the camera was in position, its lens was fitted with a fine scale which rests on the surface of the flask above the gas bubble. The developed movie film was then projected onto a screen. A recording device consisting of a linear potentiometer, battery and storage-type oscilloscope was used to continuously record the diameter of the bubble projected on the screen. The recording device functioned in the following way. Two indicating arms attached to the potentiometer body and shaft, respectively, were employed to measure the instantaneous diameter of the bubble. Then, an output voltage proportional to the distance between the two arms was generated across the poles of the potentiometer. This signal was transmitted by cable into the oscilloscope. As the indicating arms were manipulated to follow the diameter of the shrinking bubble which was continuously projected on the screen, a continuous but time-varying potentiometer voltage was generated. The voltage signal produced a continuous locus of the tracing beam on the oscilloscope. The slope of the trace on the oscilloscope which represented the speed of bubble shrinkage during the initial phase was measured.
The viscosity of the liquid is measured periodically, to check any possible change in the liquid property resulting from the degassing process of its continuous exposure to the room temperature and pressure. The liquid viscosity is selected as a yardstick for two reasons. One reason is that mass diffusivity is inversely proportional to the liquid viscosity under isothermal condition, Bird et al. (1962) . The other reason is that the liquid viscosity is very sensitive to any chemical or physical change in biological fluids.
RESULTS AND DISCUSSION
When a gas dissolves in a liquid, the concentration of the gas in the liquid is directly proportional to the partial pressure of the gas, according to Henry's law. The solubility of gases in liquids, C,, is generally expressed in terms of the Bunsen absorption coefficient, which is defined as the volume of gas at S.T.P. dissolved by a unit volume of the liquid, when there is a partial pressure of the gas of 1 atm. It is known (Fenn et al. 1964) , that of the total amount of oxygen carried by the blood, less than 5 per cent is found to be in simple physical solution. Therefore, reversible chemical reaction is responsible for the remainder or at least 95 per cent of the dissolved oxygen. However, a normal value for the P,, of arterial blood is 100 mm Hg or 100/760 atm. Hence, the total oxygen content of 100 ml of equilibrated blood at 37°C and 760 mm Hg is 0.285 ml at P, of 95 mm Hg. Since 55 per cent of blood is plasma, the solubility of oxygen in 100 ml of plasma is (0.285 ml) (760 mm Hg) 100 = 4.15 ml (95 mm Hg) 55
'
For oxygen density of I *305 X 10d3 g/cm3, this is equivalent to Cs = 5.42 X 10-j g/cm3.
The solubility of oxygen in water under the same conditions is 3.22 X 10ms g/cm3. Thus, the ratio of the solubilities in blood and water is 1.68. Since no data are available for the solubility of oxygen in plasma as a function of temperature, it will be assumed for the estimation of the solubility in plasma that this ratio remains the same over a certain temperature range close to 37°C.
(1969) have noted that the use of carbon dioxide gas to flood the operation field has been widely recommended for open-heart surgery because of its higher solubility in water than air or oxygen. This method seems to be in popular use nowadays. With these applications the experiments were conducted to determine the diffusivity of carbon dioxide in plasma. When carbon dioxide diffuses into the plasma, several types of chemical reactions take place simultaneously. Therefore, the values of the diffusivity illustrated in Table 2 include the effects of these chemical reactions on the diffusion of carbon dioxide in plasma. These diffusivities were determined by equation (4) through the following steps.
In the experiments, oxygen bubbles are dissolved in completely degassed plasma (corresponding to C, = 0). The initial bubble radius and the time of complete dissolution were measured, and are illustrated in Table 1 . The values of the bubble lifetime r: are calculated from equation (4). The diffusivity is then determined from the definition of r:. The liquid temperature averaged over an entire run is also given in Table 1 for reference. The results shown in Table 1 indicate the dependency of mass diffusivity on the liquid temperature.
The total content of carbon dioxide at P,,, = 40 mm Hg in 100 ml of plasma at 37°C and 760 mm Hg is 3.0 ml. Since 55 per cent of blood is plasma and the density of carbon dioxide is 1.81 X low3 gm/cm3, the solubility of carbon dioxide in plasma is 1.88 X lo+ gm/cm3. The ratio of the solubilities of carbon dioxide in plasma and water is then equal to l-88 x 10~?I+04 x 10T3 or 0.181. This ratio is employed to evaluate the solubility of carbon dioxide in plasma at different temperature, by multiplying the ratio by the solubility of carbon dioxide in water at the corresponding temperature. Although the value of the diffusivity thus determined is not a true indication of mass diffusivity for carbon dioxide, it will be useful in the quantitative evaluation of gas embolism due to carbon dioxide. Like oxygen, carbon dioxide is another gas Table 3 presents the mass diffusivities of that dissolves in blood during the respiration nitrogen in degassed plasma. function of the blood. In the survey of the Next, the reaction velocity constants beliterature related to gas embolism, Chan et al. tween the dissolved oxygen and reduced hemo- 
The reaction velocity constant K* or K can be determined by equation (5) with the initial rate of dissolution dR*ldt*, and the initial radius R* obtained experimentally using a movie camera and a recording device. Table 4 illustrates the values of the reaction velocity constant thus determined from three typical runs. They are compared with those available in the literature by Fenn et al. (I 964) . At 37'C, the reaction velocity constants are found to be 26*7/set determined by rapid reaction techniques by Hartridge and Roughton (1923) and 9*76/set based on the half time of the rate of reaction of hemoglobin in red cell values. In view of the accuracy of the results and the simplicity in both the apparatus and experimental technique, the present method is indeed very attractive.
Likewise, the reaction velocity constant between oxygen and reduced hemoglobin in dog blood was found to be about the same order of magnitude as that in human blood. 
